A semi-quantitative evaluation of the contribution of lake water to streams, springs, and groundwater circulating in the fractured rocks hosting the former Balangero asbestos mine was performed using stable isotopes of the water molecule. Results indicate that the lake, located in the open pit of the mine, generally contributes less than 30% of water to streams, springs, and groundwater. This contribution is more evident during dry periods, and should be taken into account in the design of remediation plans.
Introduction and study area
The former Balangero asbestos mine, located at about 20 km NW of Turin in northern Italy, was operational from the 1920s to the 1990s for the extraction of chrysotile from serpentinites, becoming the largest asbestos mine in Europe. The area was declared a "Remediation Site of National Interest" in 1998. The site extends for about 400 ha in a mountainous area and includes the open mine pit, presently occupied by a lake, the former industrial plant, and the mountain flanks upon which mine tailings and waste sludge were placed. Ongoing remediation activities include the dismantling of the industrial plant, the stabilization of the mine tailing piles, the removal of dumped waste sludge, and specific hydrogeological interventions to control runoff. These activities involve complex issues of risk management related to the handling of large quantities of asbestos rich materials, including a potential health risk for workers and surrounding inhabitants [1] . In this context, the water present in the open mine pit is a cause for concern since it may increase the local hydraulic head of groundwater and/or infiltrate in the fractured bedrock. Presently, the lake receives inputs from both groundwater and collected surface runoff. The lake water level is maintained by discharging excess water into the Pramollo stream.
The aim of this study was to evaluate the contribution of lake water to streams and groundwater within the study site. The use of artificially injected tracers is not viable because of the large volume of lake water (about 2x10 6 m 3 ), the possible environmental impact, and the cost. In similar cases, the stable isotopes of hydrogen (D and H) and oxygen ( 18 O and 16 O), which are naturally present in the water mass, can be used as tracers, providing the lake water isotopic composition is different from that of local groundwater. This may occur if the lake water residence time is sufficiently long to allow for an isotopic enrichment of the water mass due to evaporation. A preliminary estimate of the lake water residence time, obtained by dividing the lake volume by the annual rate of water discharging into the Pramollo stream (about 3x10 5 m 3 ), yields a mean residence time of more than 6 years. This time is considered to be sufficiently long to allow a detectable isotopic enrichment.
Methods
Three sampling campaigns were conducted, one during the summer dry period and two in winter, after the rainy season. The first dry-season sampling campaign included several samples from locations across the remediation site, whereas the winter sampling campaigns focused just on the Pramollo watershed, where the sludge deposits are located. Lake water samples were collected at depths of 1 m and 30 m, to account for a possible isotopic effect related to thermal stratification. In addition, 22 samples of streams, springs and groundwater from piezometers and wells were also collected. The isotopic composition δ 2 H (±1‰) and δ 18 O (±0.2‰) was determined by Wavelength-Scanned Cavity Ring-Down Spectroscopy (WS-CRDS) at ISO4 S.n.c., with results reported here in the usual delta (δ) notation vs V-SMOW2.
Results and discussion
As expected, lake water exhibit the more enriched isotopic composition, ranging in δ 18 O and δ 2 H from -5.69‰ and -47.2‰ (in summer at the surface) to -6.13‰ and -45.2‰ (at depth during winter) respectively. Samples collected in summer are more enriched than those collected in winter, and surface water is systematically more enriched than deep water. Also, the Pramollo stream, which directly receives excess lake discharge, is enriched (-7.29‰ and -51.1‰ in δ 18 O and δ 2 H respectively) compared to other water samples, especially at times of active outflow. All the other water samples fall above the Global Meteoric Water Line (GMWL) [2] in Fig. 1 .
In order to evaluate the contribution of the lake to local springs, streams and groundwater, the mixing end-members must be clearly defined. While this is not difficult for the lake water end-member, defining the groundwater end-member is more problematic. All water samples collected during the study not only plot above the GMWL, but also do not perfectly align along the Northern Italy Meteoric Water Line (NIMWL) in Fig. 1 [3] as might be expected. In absence of direct measurements on precipitation, we assumed that the Local Meteoric Water Line (LMWL in Fig. 1 ) could be characterised by a higher deuterium excess (d), where, according to [4] : We determined the position of the supposed LMWL in Fig. 1 graphically, by drawing a line with slope similar to that of the NIMWL (7.71) that passed through those samples collected at a higher altitude than the lake. This line is characterized by a d close to 13.5. Therefore, groundwater samples unaffected by the lake input plot in Fig. 1 on the LMWL, while samples plotting below the LMWL record a partial admixture with lake water (the shaded area in Fig. 1) .
The deuterium excess d of a water can be used to identify samples having a lake water contribution. When plotting d with respect to the sample altitude (Fig. 2) , it is observed that some samples, located at lower altitudes with respect to the lake, have d < 13.5 and, therefore, are affected by an input of lake water. Seasonal shifts in isotopic composition are observed for the same freshwater location sampled multiple times. The lake water contribution by infiltration in the fractured bedrock is more visible in summer, when freshwater recharge is at its minimum.
A semi-quantitative evaluation of the lake water input can be obtained by isotopic mass balance, using the equations:
where x is the fraction of lake water in the sample, the subscript lake refers to the isotopic composition of lake water and the subscript LMWL refers to the isotopic composition of the freshwater end-member, falling on the previously-defined Local Meteoric Water Line. The calculation was performed for each sample having d < 13.5, for both δ 18 O and δ 2 H. The highest lake water contribution (60-65%) is displayed by the Pramollo stream, sampled downhill, at the exit of the remediation site. This value indicates that this stream is also fed by surface runoff and groundwater. Another high lake water contribution, around 45%, is observed for water collected in a piezometer located inside sludge deposits, in the Pramollo riverbed. All the other affected samples exhibit lake water contributions less than 30%. It is interesting to note that most of the affected groundwater samples align along the directions of the main fracture patterns observed in the area, suggesting an important role for fracture permeability in conveying infiltrating lake water. Fig. 2 . Deuterium excess plotted versus sample altitude. Empty symbols = summer sampling campaign; full symbols = winter sampling campaigns. The arrows connect sites that were sampled more than once, which provide evidence for a seasonal shift in isotopic composition.
Conclusion
Stable isotopes of the water molecule can successfully be used to trace infiltration of surface waters in a fractured bedrock hydrologic system, providing the residence time of the infiltrating lake water is sufficiently long to enable enrichment by evaporation. In the study case, lake water contribution to local springs, streams, and groundwater was generally below 30%, except for the Pramollo stream and groundwater collected in a piezometer located beneath the streambed. Nevertheless, the existence of this input should be taken into account in the design and execution of site remediation plans.
